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Photodissociation spectroscopy of the dysprosium monochloride molecular ion 
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We have performed a combined experimental and theoretical study of the photodissociation cross section of 
the molecular ion DyCl + . The photodissociation cross section for the photon energy range 35,500 cm -1 to 
47,500 cm -1 is measured using an integrated ion trap and time-of-flight mass spectrometer; we observe a 
broad, asymmetric profile that is peaked near 43,000 cm -1 . The theoretical cross section is determined from 
electronic potentials and transition dipole moments calculated using the relativistic configuration-interaction 
valence-bond and coupled-cluster methods. The electronic structure of DyCl + is extremely complex due 
to the presence of multiple open electronic shells, including the 4f 10 configuration. The molecule has nine 
attractive potentials with ionically-bonded electrons and 99 repulsive potentials dissociating to a ground state 
Dy + ion and Cl atom. We explain the lack of symmetry in the cross section as due to multiple contributions 
from one-electron-dominated transitions between the vibrational ground state and several resolved repulsive 
excited states. 


I. INTRODUCTION 

Molecular ions provide a platform for many advances 
in quantum physics and chemistry 1 . They offer the same 
rich rovibrational structure and internal fields as their 
neutral counterparts, yet they are more straightforward 
to trap on long timescales, and they offer the poten¬ 
tial for improved quantum coherence 2 . These advan¬ 
tages have motivated many recent research efforts cen¬ 
tered around molecular ions, including studies of the 
time-variation of fundamental constants 3 , searches for 
the electric dipole moment of the electron 4,5 , and designs 
of quantum computing architectures in which molecular 
ion qubits are addressed by microwave 2 and laser 1 ' fields. 
Necessarily, much progress has been made toward cool¬ 
ing molecular ions to quantum degeneracy: millikelvin 
translational temperatures and Coulomb crystallisation 
have been demonstrated with hydride-like 7 and more 
complex 8 molecular ions via sympathetic cooling of the 
molecular species by co-trapped laser-cooled atomic ions; 
and quenching of the rotational and vibrational motion 
of molecular ions has been achieved through sympathetic 
cooling by a cryogenic buffer gas 9 , and by a co-trapped 
cloud of ultracold neutral atoms 10 , respectively. 

However, since the field of ultracold molecular ion 
physics is relatively young, one significant obstacle to 
progress in these experiments is the small pool of avail¬ 
able spectrosopic data. In the past three decades, there 
have been relatively few experimental spectroscopic stud¬ 
ies of diatomic molecular ions (see Saykally and Woods’ 
summary of pre-1980 work in Ref. 11, and as a represen¬ 
tative yet non-exhaustive list of the work since then, see 
Refs. 12-21). 
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In this report we present spectroscopic data, and a de¬ 
tailed theoretical discussion, of the molecular ion DyCl + , 
which is an interesting candidate for molecular laser cool¬ 
ing, ultracold chemistry in atom-ion systems, and in the 
long-term, scalable quantum computing. The interest 
in DyCl + , and indeed the lanthanide halides in general, 
stems from the notion that unpaired electrons in the 4/ 
core of the lanthanide element play little or no part in the 
bonding of the molecular system 22 . Since excited states 
within the 4/ levels are often present at optical inter¬ 
vals, and Laporte-forbidden / — / transitions may be ac¬ 
tivated by vibrations and interactions with the ligand 23 , 
this could give rise to optically addressable transitions 
with highly diagonal Franck-Condon factors. 

Owing to a heightened complexity, theoretical ap¬ 
proximations regarding core electron configurations and 
molecular potentials in the lanthanide halides remain 
contestable. Demonstrating agreement between experi¬ 
ment and theory will naturally help to strengthen the 
validity of our chosen theoretical methods. 

The remainder of this manuscript is structured as fol¬ 
lows. In Sec. II, we describe the theoretical calculations of 
the DyCl + molecular potentials, along with predictions of 
transition strengths between bound and repulsive states. 
In Sec. Ill, we outline the experimental methods for mea¬ 
suring the photodissociation cross section. We present a 
comparison of our theoretical and experimental results 
in Sec. IV, along with some discussion regarding bound 
excited state potentials in the molecular ion, before sum¬ 
marising in Sec. V. 


II. THEORETICAL CALCULATIONS 

The DyCl + molecule is a truly relativistic molecule 
with an intricate electronic structure, whose complexity 
is due to a partially-filled Dy + anisotropic inner 4/ 10 
shell, which lies beneath an open 6s shell. In fact, the 
ground state of the Dy + ion has a very large total angular 
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A 

32 

E/(hc) 

(cm” 1 ) 

12 

10 9876543210 

17/2 

3/2 

0.0 

1 2344444444 

15/2 

3/2 

828.314 

1234444444 

17/2 

1/2 

882.3515 

1222222222 

15/2 

1/2 

1710.6655 

122222222 


TABLE I. The number of relativistic Hund’s case (c) poten¬ 
tials with label 12 for the energetically-lowest four dissociation 
limits of Dy + [4/ 10 ( 5 I 8 )6si/ 2 (8, l/2)ji] + Cl[3p s ( 2 Pj 2 )], where 
j i and j 2 are the total angular momentum quantum numbers 
of Dy + and Cl, respectively [The ‘(8,1/2)’ notation indicates 
the core and outer total electronic angular momenta in the 
j-j coupling regime]. Here h is Planck’s constant and c is the 
speed of light. 


momentum j = 17/2 (excluding nuclear spin) indicative 
of strong alignment of its electron spins. Coupling the 
Dy + ion with the Cl atom, which has an open 3 p 5 shell, 
makes the molecular structure even more complex. 

In our dissociation experiment with photon energies 
around 40,000 cm -1 , we need only consider transi¬ 
tions between relativistic potentials that dissociate to 
the energetically-lowest four limits of Dy + (4/ 10 6s) + 
Cl(3p 5 ). The atomic states and energies of these limits 
are given in Table I. The angular momentum coupling of 
the DyCl + molecule is described by the Hund’s case (c) 
coupling scheme and labeled by 12, the absolute value of 
the projection of the total electronic angular momentum 
j = j i + j *2 on the intermolecular axis. Here Jj and j 2 
are the total atomic angular momenta of Dy + and Cl, 
respectively. Table I shows the number of potentials for 
each 12 yielding a total of 108 potentials. 

We have determined the DyCl + potentials, for the 
bound and repulsive states corresponding to the con¬ 
figurations given in Table I, as a function of inter- 
nuclear separation R , based on a two-step approach. 
First, we calculate relativistic potentials with a rela¬ 
tivistic configuration-interaction valence-bond (RCI-VB) 
method 24 using a relatively small basis set limited by 
computational resources. In the RCI-VB method the 
molecular wave function is constructed from atomic 
Slater determinants with localized one-electron orbitals 
found by numerically solving the Dirac-Fock (DF) equa¬ 
tion for occupied orbitals and DF or Sturmian equa¬ 
tions for virtual or unoccupied orbitals. We perform all¬ 
electron calculations where, in principle, the dynamics 
of each electron is accounted for. To restrict the size 
of the Hamiltonian, excitations from the closed shells of 
Dy + are not allowed, while excitations of electrons in the 
open 4f 10 and 6s shells and into unoccupied 6p and 5d 
virtual shells are allowed. These four shells form the ac¬ 
tive space of Dy + . Similarly, for the Cl atom, shells up 
to 2p remain closed while excitations of the occupied 3s 
and 3p shells into the virtual 3d and 4s are included. 

Our calculations show that there are nine ionically- 
bonded attractive potentials, one for each 12 = 0 up to 


8, with splittings that are much less than their depth. 
The 12 = 8 potential is the deepest. The remaining 99 
potentials are repulsive or barely attractive. We denote 
the potentials by V^q(R), where n = 1, 2, 3 ... labels the 
12 potentials with increasing energy, and uniformly shift 
all potentials such that the energetically-lowest potential 
approaches zero energy in the limit of large separation. 

The structure of the molecular potentials can be qual¬ 
itatively understood by noting that when the 6s valence 
electron of Dy + is transferred to Cl, the ionically-bonded 
and thus the deeply-bound molecule Dy ++ Cl~ is formed. 
In this molecule, the Cl - has a closed 3 p 6 shell, while 
Dy ++ only has one open electron shell, the 4/ 10 , with 
total angular momentum j = 8. Consequently, we have 
nine deep potentials, one for each projection quantum 
number 12 = 0 to 8. 

Next, we improve the nine attractive potentials with 
the help of non-relativistic coupled-cluster calculations, 
where we can include more electron-electron correlations 
with much larger basis sets as long as a single deter¬ 
minant dominates the bond, and with the realization 
that (small) splittings between potentials converge more 
rapidly than the absolute binding energy. We, there¬ 
fore, compute the only non-relativistic potential consis¬ 
tent with 12 = 8, corresponding to the Dy ++ “stretched- 
state” with total electron spin S = 2 and projection of the 
electron orbital angular momentum A = 6 using single, 
double, and perturbative triple excitations (CCSD(T)). 
The coupled-cluster method does not converge for 12 < 8 
as then multiple determinants control the bonding. 

For Dy we use the scalar relativistic Stuttgart 
ECP28MWB pseudopotential and associated atomic ba¬ 
sis sets (14sl3pl0d8f6g)/[10s8p5d4f3g] 25 . The basis set 
def2-QZVPP (20sl4p4d2flg)/[9s6p4d2flg] is used for 
Cl 26 . The core electrons ls 2 2s 2 2p 6 for Cl and 4s 2 4p 6 4d 10 
for Dy are not correlated, leaving core-valence electrons 
of 3s 2 3p 5 in Cl and 5s 2 5p 6 4f 10 in Dy correlated. We 
find that the potential, V CC (R), has a minimum at 
R e = 4.63ao with depth D e /(hc) = 32508 cm -1 and 
where do is the Bohr radius. For 161 Dy 35 Cl + it has a 
w e /(hc) = 441 cm -1 and 120 bound states. Unsurpris¬ 
ingly, we find that V CC (R) is deeper than any of the rel¬ 
ativistic potentials. Again this potential is shifted such 
that it approaches zero at large R. Finally, we construct 
V n ,n(R) = V CC (R) + (V^E(R) - Vjy 8 B (i?)) for the nine 
attractive 12 potentials. The potential-energy functions 
for remaining mainly-repulsive electronic states are taken 
from the RCI-VB calculation. 

The minima of the nine adjusted attractive potentials 
as well as the repulsive potentials relevant for the simu¬ 
lation of our photodissociation experiment are shown in 
Fig. 1. In addition, Table II shows the first thirty J = 8 
vibrational energies of the ground state n, 12 = 1, 8 or X 
potential for two isotopes of DyCl + . 

In our experiment, we estimate the internal blackbody 
redistribution rate to be around 1 Hz, and so we predict 
that the molecules are approximately in rovibronic ther¬ 
mal equilibrium with the surroundings when photodis- 
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FIG. 1. (color online) Potential energy curves of the DyCl + 
molecule as a function of R. The bottom panel shows the nine 
attractive, deeply-bound potentials, one for each 17 from 0 to 
8. The two black curves correspond to the 17 =8 and 7 poten¬ 
tials populated in our photodissociation experiment. Other 
potentials are shown by grey lines. The top panel shows re¬ 
pulsive and weakly-bound 17'=6, 7, 8, and 9 potentials. The 
seven red curves are 17'=7, 8, and 9 potentials with a large 
transition dipole moment to the 17 = 8 ground state and dis¬ 
sociate to Dy + +Cl limits. The other seven blue curves are 
17'=6, 7, and 8 potentials that have a large transition dipole 
moments with the ground 17 = 7 state. Other potentials are 
shown with grey lines. The dashed black line indicates verti¬ 
cal transitions from the v = 0 rovibrational level of the 17 = 8 
potential to repulsive potentials driven by one-color laser ra¬ 
diation. 


sociation begins after 1.7 s of trapping. This approxi¬ 
mation is validated by previous studies of molecular ions 
with more straightforward electronic structure using the 
same apparatus 10,20,27 , where 300 K-based calculations 
were found to match experimental data well. 

For simplicity we assume that the photodissociation 
cross section is independent of J and only thermalize the 
vibrational distribution. Assuming thermally-populated 
levels at T = 300 K, 81.6% and 10% of the population is 
in the u=0 and v=l vibrational levels of the ground 17=8 
potential, respectively. The only remaining level which 
is non-negligibly populated in thermal equilibrium is the 
v=0 vibrational level of the ground 17 =7 potential, so we 
approximate all of the remaining 8.4% to be here in the 


calculation. The spectroscopic constants for the ground 
17=8 and 7 potentials are given in Table III. 

The Franck-Condon principle states that the internu- 
clear separation remains approximately unchanged dur¬ 
ing an electronic transition 28 . In Fig. 1 this principle 
is illustrated by a vertical line at the peak internuclear 
separation of the v = 0 state, and employing the reflec¬ 
tion approximation 29 , we predict that photon energies 
between 37,500 cm -1 and 44,500 cm -1 will dissociate 
the DyCl + molecule. 

In order to further quantify this process we have used 
the RCI-VB method to determine the electronic transi¬ 
tion dipole moments. We find that their values range 
from O.OOleao to 0.2eao at the equilibrium separations 
of the 17 = 8 and 7 attractive potentials, where e is the 
charge of the electron. Of the thirty-two repulsive 17'=6, 
7, 8, and 9 potentials there are only fourteen potentials 
with transition dipole moments larger than O.leao that 
dissociate to the Dy + +Cl limit. The seven excited po¬ 
tentials in the upper panel of Fig. 1 with a relatively large 
transition dipole moment to the 17 = 8 ground state are 
highlighted in red, whereas the other seven potentials 
with large dipole moments to the ground 17=7 state are 
highlighted in blue. 

The selectivity of the transition dipole moment follows 
from the ground and excited electronic wavefunctions. 
The wavefunction of the X state is dominated by the 
Dy ++ Cl _ configuration, with its single active 4f 10 Dy ++ 
shell with total core electron projection quantum num¬ 
ber 17 c = 8, and more importantly with a closed 3p 6 Cl 
valence shell and projection quantum number 17 v = 0 + , 
such that 17 = 17 c + 17 v . The electronic wavefunction 
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E v /(hc) (, 

cm 3 ) 

V 

E v /{hc) 

(cm" 1 ) 

161 Dy 35 Cl + 161 Dy 37 Cl+ 

161 Dy 35 Cl+ 

161 Dy 37 Cl+ 

0 

-32351 

-32356 

15 

-25854 

-26413 

l 

-31914 

-31928 

16 

-25435 

-25590 

2 

-31495 

-31518 

17 

-25019 

-25182 

3 

-31077 

-31110 

18 

-24605 

-24777 

4 

-30648 

-30692 

19 

-24192 

-24373 

5 

-30205 

-30260 

20 

-23780 

-23970 

6 

-29752 

-29818 

21 

-23367 

-23566 

7 

-29295 

-29372 

22 

-22955 

-23163 

8 

-28841 

-28926 

23 

-22543 

-22760 

9 

-28398 

-28491 

24 

-22133 

-22359 

10 

-27968 

-28069 

25 

-21725 

-21958 

11 

-27543 

-27652 

26 

-21319 

-21560 

12 

-27119 

-27238 

27 

-20916 

-21164 

13 

-26697 

-26825 

28 

-20516 

-20772 

14 

-26275 

-26413 

29 

-20120 

-20382 


TABLE II. The predicted binding energy of the first thirty 
vibrational energies of the lowest n, 17 = 1,8 or X potential 
of the 161 Dy 35 Cl + and 161 Dy 37 Cl + isotopes in the J — 8 
rotational state. 
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TABLE III. 161 Dy 35 Cl + molecular spectroscopic constants 
for the deepest Si = 7 and 8 potentials 


State 

R e 

D e 

LU e 

B e 


[oo] 

[cm" 1 ] 

[cm” 1 ] [cm" 1 ] 

oo 

4.63 

32 508 

441 

0.0977 

Si= 7 

4.63 

32 273 

466 

0.0977 


for the optically-active repulsive states is controlled by 
interactions between the 2 S valence electron of the Dy + 
6s shell and the 2 P hole of the Cl 2p 5 shell. An optical 
transition will excite an electron from the 3p 6 shell of Cl _ 
into the 6s shell of Dy + without affecting the 4f 10 (fl c =8) 
core. There are only a few one-electron transitions from 
the f2=8 ground state into repulsive excited states. In 
fact, selection rules suggest that only three Sl'=7, one 
ST =8, and three Q'=9 excited states have the same 4f 10 
core state as the initial Sl=8 ground state. All other 
transitions are one or more orders of magnitude weaker, 
because they involve a change of state of two electrons. 
For the ground Sl =7 potential a similar reasoning shows 
that only three Si'= 6, one SI'=7, and three SI'=8 excited 
states have significant transition dipole moments. 

Using the procedures described in Ref. 20 and a Hund’s 
case (c) coupling scheme to describe the molecular rota¬ 
tion, we predict the photodissociation cross section as a 
function of laser frequency v 1 and compare the results 
with experimental data, as presented in section (IV). 


III. EXPERIMENTAL METHODS 

The DyCl + photodissociation spectrum was recorded 
using an integrated ion trap and time-of-flight mass spec¬ 
trometer (ToF-MS) system, shown in Fig. 2(a), which has 
been described in previous work 2 ' ,3 °. Here we provide an 
overview of the experimenal setup and procedures, where 
particular attention is paid to details specific to this re¬ 
port, and refer the reader to the above Refs, for a more 
complete description of the apparatus. 

A pressed, annealed pellet of DyCU, situated ~ 3 cm 
away from the center of a linear quadrupole ion trap 
(LQT), is initially ablated by a single focused pulse from 
a 1064 nm Nd:YAG laser. The LQT, which has a field ra¬ 
dius ro = 7.92 mm and an electrode radius r e = 3.18 mm, 
operates at a frequency H r f = 27 t x 375 kHz, and is 
switched on ~ 50 fxs after the ablation pulse. Non-linear 
motional resonances in the secular ion motion are ex¬ 
ploited in order to reduce trapped species from the initial 
ablation yield other than DyCl + , the most prominent of 
which is DyOH + , as described in the following. The ini¬ 
tial trapping amplitude V-f = 78 V, which corresponds 
to a Matheiu-g parameter for DyCl + (isotopic average 
mass m = 197 amu) of q = 4eVf/(mrQn 2 f ) = 0.44. At 
this V T {, the trap drives nonlinear resonant motion 31 in 
Dy + ions, thus making them unstable (and therefore ab- 



flight time (/rs) 


FIG. 2. (a) A 3-D rendering of the ion trap and ToF-MS 
apparatus, with an artist’s impression of species in the drift 
tube, separated due to their different masses, (b) Typical 
time-of-flight mass spectrometer traces used to determine the 
photodissociation yield, where dips represent arrival of ions 
at the detector. The measured number of ions in each peak is 
given underneath the species name, and the PDL wavenumber 
is ~ 45000 cm -1 . 


sent after several rf cycles) upon initial capture of the 
ablation products. After approximately 300 ms, Vf is 
ramped over 200 ms to 85 V, where a nonlinear motional 
resonance in DyOH + is driven. After 800 ms at this 
trapping amplitude, most of the DyOH + has escaped the 
trap, and only DyCl + ions and heavier (Dy 2 Cl + is the 
only significant contributor) remain. The voltage is then 
ramped down over 200 ms to V r { = 65V, where Dy 2 Cl + 
is less prominent due to the lower mass-dependent trap 
depth D r oc 1/m, yet both Dy + and DyCl + (for which 
q = 0.364) are stable. There remains a small back¬ 
ground of Dy + , DyOH + and Dy 2 Cl + after mass filtering: 
an average Dy + background was measured, and incor¬ 
porated into the resulting photodissociation yields; and 
tests show that DyOH + and Dy 2 Cl + do not photodisso- 
ciate at the photon energy range considered here. 

Once the loading and mass filtering stages are com¬ 
plete, 1.7 s after ablation, the DyCl + is illuminated by 
laser pulses, propagating along the LQT axis, from a 
pulsed dye laser (PDL) operating with pulse duration 
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t p ~ 10 ns, pulse energy E p ~ 0.5 mJ, and repetition 
rate / rep = 10 Hz, for t = 1.3 s. 

The PDL beam is expanded by a telescope at the out¬ 
put of the laser, and subsequently passed through two 
sequential irises, each with an aperture of radius r = 
1.5 mm, to ensure uniform intensity distribution across 
the ion cloud, whose mean radius at the expected maxi¬ 
mum translational temperature, 3400 K, is predicted to 
be ~ 1.2 mm. 

After the PDL pulses have been applied, the ions 
are radially ejected from the LQT into the ToF-MS. 
Ejection is achieved by switching off the trapping rf 
field and simultaneously applying 2 kV and 1.8 kV DC 
respectively, with < 1 /xs rise-time, to the LQT electrode 
pairs furthest from and closest to the entrance to a 
44 cm drift tube. To maximise signal, focussing of the 
in-flight ions is performed using Einzel lenses; and the 
ions are detected upon arrival at a microcliannel plate. 
Fig. 2(b) shows typical ToF-MS signals with and without 
the PDL (extraction occurs after the same trapping 
duration for both cases), where the dips represent arrival 
of ions. The ToF-MS Dy + arrival time is calibrated by 
trapping and ejecting the Dy + ablation yield from a 
99.9 % pure Dy ingot, and we fit the remaining arrival 
times observed from the ablation of DyCl 3 according 
to t = Asfm + to, where to is a time offset imposed by 
the pulsing electronics, and A is a constant determined 
by the pulse characteristics and flight-tube length. By 
minimising the y 2 statistic, we predict the peak at 
around 11.8 /is to be DyOH + and not DyO + , although 
it is important to note that the resolution afforded by 
the ToF-MS for species at 300 K is insufficient to dis¬ 
criminate between these masses with complete certainty. 
To improve the ToF-MS resolution, one may employ 
laser cooling techniques to increase phase-space density, 
as described in Ref. 32. As betrayed in Fig. 2(b), small 
amounts of DyOH + , Dy 2 Cl + , and DyClJ are present in 
the ion trap even after mass filtering, yet, fortuitously, 
these species did not detectably photodissociate at the 
photon energies considered here. Furthermore, our 
data demonstrate that DyOH + is not formed due to 
reactions between the Dy + produced during photodis¬ 
sociation of DyCl + and any background of water (or 
oxygen if the species is in fact DyO + ) at a detectable 
level. Our DyCl + sample consists of all naturally- 
abundant isotopes of the molecule, yet we consider only 
161 Dy 35 Cl+ for calculation purposes, since the isotope 
shift of the photodissociation cross section is expected to 
be negligible on the photon energy scales considered here. 



FIG. 3. (color online) The experimental (markers) and theo¬ 
retical (grey line) thermalized photodissociation cross section 
of DyCl + molecular ions as a function of photon wavenumber 
v/c. The theoretical curves are for 161 Dy 35 Cl + at T = 300 K. 
The red and blue lines show partial contributions to the cross 
section due to transitions from vibrational levels of the H = 8 
and 7 ground state potentials, respectively. These colors cor¬ 
respond to those used in Fig. 1. 

beam, and 

jV[Dy+]-Ar BG [Dy+] 

V (iV[Dy+]-fVBG[Dy+]) + fV[DyCl+] 

is the fractional photodissociation yield, in which N[ S] 
is the measured number of species S arriving at the ion 
detector, and the BG subscript denotes the average back¬ 
ground number, as measured with the PDL switched off. 

A total of six different dye solutions including one ex- 
alite and five coumarin based dyes were used to span 
the range 35,500 < v < 47,400 cm -1 with intervals of 
50 cm -1 , where 10 measurements of ij were taken at each 
sampled u. The PDL pulse energy E p was recorded for 
every pulse. Above v ~ 46,000 cm -1 , PDL output en¬ 
ergies began to decrease, and attenuation of the pulses 
en-route to the LQT by both air and optics became in¬ 
creasingly apparent, leading to reduced signal-to-noise. 
Statistical error on the measurement of a arises due to 
shot-to-shot fluctuations in E p , along with variations in 
V- 

IV. RESULTS & DISCUSSION 


From the ToF-MS traces, we infer the photodissocia¬ 
tion cross section a at wavenumber v according to 


hcv 

a = In 
It 


1 

1 - T] 


( 1 ) 


where h is Planck’s constant, c is the speed of light, 
I = f lep Ep/Trr 2 is the time-averaged intensity of the PDL 


Fig. 3 shows a comparison of our experimental and 
theoretical photodissociation cross sections. The markers 
represent the data, which are binned and averaged with 
bin widths of 150 cm -1 , and their error bars represent 
the standard error within each bin. The theoretical cross 
section has an unresolved double-peaked structure with a 
maximum around a photon energy of 43,000 cm -1 and in¬ 
cludes contributions from fourteen dominant transitions 
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from the thermally populated 0=8 and 7 states and their 
corresponding v=0 and 1 levels. The maximum of the 
data approximately coincides with that of the predicted 
cross section. The data do not clearly reveal the pre¬ 
dicted double-peaked sructure, yet they exhibit structure 
around 39,000 cm -1 which might represent the predicted 
smaller peak. We find that the data lie mostly above the 
predicted curve at photon energies below 43,000 cm -1 , 
and above this value they agree well with the predic¬ 
tion. There appears to be structure around 36,500 cm' 1 
present in the experiment but not in the theoretical pre¬ 
diction, which might point toward the existence of re¬ 
pulsive states whose energies are lower at the vertical 
transition turning point (illustrated by the dashed line 
in Figure 1) than those calculated here. Nevertheless, 
the agreement between experiment and theory is satis¬ 
factory given the accuracy of the potentials and dipole 
moments as well as the approximations made in evalua¬ 
tion of the cross section. It is important to note that no 
scaling was applied to parameters in the calculation for 
purposes of achieving a good match with the data. 

Although calculations of molecular potentials have in 
this work been restricted to those corresponding to the 
four lowest-energy dissociation limits, we may speculate 
regarding the position of bound excited molecular po¬ 
tentials in DyCl + . For the purposes of laser cooling 
and quantum information experiments, we are partic¬ 
ularly interested in the existence of electronic transi¬ 
tions which have optical frequencies and highly diagonal 
Franck-Condon factors (FCFs). For lanthanide-halides, 
it is generally expected that transitions involving the pro¬ 
motion of 4/ or 6s electrons on the metal ion to 5 d, or 
6 p orbitals significantly affect the bonding characteris¬ 
tics of the molecule 33 , thus leading to FCFs which are 
non-diagonal in nature. On the other hand, intra-shell 
/ — / excitations within the Dy ++ [4/ 10 ] metal core (see 
Ref. 34 for free Dy ++ spectra) are not expected to af¬ 
fect the molecule’s bonding characteristics, owing to the 
submerged nature of the 4/ shell, as discussed in the con¬ 
text of lanthanide-trihalides in Ref. 22. Such transitions 
are commonly exploited in Lanthanide-ion-doped solid- 
state laser materials, such as Nd 3+ [4/ 3 ( 4 F n / 2 <— 4 J 3 / 2 )] 
in Nd 3+ :YAG crystals, where vibrations and interac¬ 
tions with ligand fields lift the Laporte (parity) selec¬ 
tion rule, leading to sharp spectral lines 23 . In free Dy ++ , 
transitions within the 4/ 10 ( 5 /) core ground configuation, 
whose states should be slightly mixed, would occur in the 
near-infrared frequency range 34 , with the largest interval 
being 11,014 cm -1 for 4/ 10 ( 5 / 8 f— 5 / 4 ). With parity 
mixing induced by the ligand field in Dy ++ Cl~, it is ex¬ 
pected that these f — f transitions will be strengthened. 
Should this be the case, we would expect a manifold of 
NIR-addressable, bound, excited potentials, whose equi¬ 
librium internuclear separations r e are close to that of 
the ground state. Such transitions, while narrow, would 
exhibit diagonal FCFs, thus potentially making them 
amenable to narrow-line laser cooling and coherent quan¬ 
tum manipulation. As such, they will form the basis for 


future work on DyCl + . 


V. SUMMARY 

We have computed and measured the photodissocia¬ 
tion cross section of DyCl + for photon energies between 
35,500 cm -1 and 47,500 cm -1 . Calculations show that 
there are 108 potential curves that dissociate to lowest 
spin-orbit ground states of Dy + and Cl, which highlights 
the complex role played by the open 4/ 10 shell of Dy + . 
Only nine of these potentials are attractive and corre¬ 
spond to the “ionically” bonded Dy ++ Cl~, where the 
outer 6s electron of Dy has transferred into the Cl 2 p 5 
shell. All other potential curves corresponding to these 
dissociation limits are repulsive. Our experimental pho¬ 
todissociation cross section, obtained using an integrated 
ion trap and time-of-flight mass spectrometer, is found 
to agree satisfactorily with the calculations, given the 
myriad repulsive potentials and approximations made in 
the predicted transition moments. We observe a broad, 
asymmetric photodissociation cross section peaked at 
around 43,000 cm -1 , which is well-represented by cal¬ 
culations assuming thermally populated internal molec¬ 
ular states. Future work will aim to probe the exis¬ 
tence of optically-addressable, vertical / — / transitions 
in the molecule, towards its use in laser cooling, ultracold 
chemisty, and quantum information experiments. 
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